Isosteric heats and adsorption isotherms were measured for combinations of three alkanes (methane, ethane, propane) on a series of six high-silica zeolites (TON, MTW, UTD-1, MFI, FER, FAU). Three of these zeolites (TON, MTW, UTD-1) have one-dimensional channels, two (MFI, FER) have two-dimensional intersecting channels, and FAU has spherical cavities. Since the adsorbate molecules are nonpolar and the zeolites possess a high Si/Al ratio, electrostatic energies are small in comparison to van der Waals energies. Heats of adsorption of methane at the limit of zero coverage are 27.2, 20.9, and 14.2 kJ/mol in TON, MTW, and UTD-1, respectively. This homologous series of zeolites has one-dimensional channels composed of 10-, 12-, and 14-membered rings of average effective diameter 5.0, 5.9, and 8.8 Å, respectively. Short-range gas-solid interactions between spherical methane molecules and the oxygen atoms composing the pore walls are explained by a smoothed integration of the Lennard-Jones 12-6 potential for cylindrical pores.
Introduction
Nonbonding interactions between adsorbate molecules and zeolites consist of two principal types. The first type is longrange electrostatic interactions between adsorbate molecules and ions in the zeolite; the second type is short-range van der Waals (dispersion) interactions between the adsorbate molecules and the zeolitic framework. Electrostatic interactions are highly sensitive to the polarity of the adsorbate molecule and to the type and location of nonframework cations (e.g., Na, Ca, Mg); van der Waals interactions depend on the geometry of the microporous structure of the zeolite and the size and shape of the adsorbate molecules.
Changes in the strength of electrostatic interactions are achieved by changing the silicon-to-aluminum ratio and by ion exchange of the nonframework cations of the zeolite. Dispersion interactions, which depend on the size and shape of the micropores, are less amenable to fine-tuning than the electrostatic interactions.
Gas-solid dispersion interactions can be investigated by comparing zeolitic structures having the same geometry. The most straightforward example is the class of zeolites having one-dimensional channels of different size: TON, MTW, and UTD-1. Other structures such as ferrierite and silicalite have two-dimensional networks of intersecting channels of different size and shape; for these zeolites, dispersion interactions are somewhat more difficult to interpret. The presence of structural defects and residual aluminum may also complicate the interpretation of dispersion forces in high-silica materials.
Previous studies of high-silica zeolites were mainly on MFI and FAU. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Gases studied in these materials range from simple polar and nonpolar probes (Ar, CH 4 , Kr, Xe, N 2 , C 2 H 4 , and CO 2 ) to long-chain alkanes and aromatics. Other zeolites that have been studied include TON, FER, KFI, 13 and MOR. 14 However, differences in the molecular structure of the probe molecules and the complexity of the pore structures in many of the molecular sieves examined make it difficult to isolate and quantify the effect of geometric factors upon dispersion forces. In the present study, work is focused on a homologous series of nonpolar probe molecules in a homologous series of high-silica zeolites. In all of the systems examined, the dispersion energy dominates and electrostatic interactions are negligible or at least very small relative to dispersion. These results should be useful in establishing accurate force fields for dispersion interactions in computer simulations of adsorption.
Experimental Section
Isosteric heats of adsorption and adsorption isotherms were measured for all combinations of three adsorbates (methane, ethane, and propane) and six adsorbents (TON, MTW, UTD-1, MFI, FER, FAU). The structure codes are listed in the Atlas of Zeolite Structure Types. 15 All of these are siliceous zeolites with high Si/Al ratios and relatively few nonframework cations. Data for CH 4 and C 2 H 6 on silicalite published previously 6 are included here for completeness.
Materials. Ethane and propane with purities of 99% and 99.5%, respectively, were obtained from Air Products and Chemicals, Inc. Methane (99.99% pure) was obtained from Airco.
The MFI (silicalite) powder used was Linde S115 manufactured by Union Carbide Corp. FER (ferrierite) with a Si/Al ratio of 22 was manufactured by Philadelphia Quartz Corp. UTD-1 was supplied by Ken Balkus and A. Ramsaran at the University of Texas, Dallas. 16 FAU (siliceous faujasite) was prepared by Anthony Cheetham at the University of California, Santa Barbara. 17 and MTW (ZSM-12) zeolites were synthesized in our laboratory according to published procedures. [18] [19] [20] The Si/Al ratios and pore volumes for these zeolites are given in Table 1 . Pore volumes were obtained from adsorption isotherms of n-hexane at 25°C assuming that the density of adsorbed n-hexane at saturation is equal to its liquid density (0.655 g/cm 3 ). The vapor pressure of n-hexane at 25°C is 20.2 kPa, but saturation was reached at P < 3 kPa. Because of the assumption that liquid hexane completely fills the pores, the pore volumes extracted from the saturation capacity of n-hexane are only approximate.
The powder samples were pressed into thin wafers to prevent accumulation of dust. Samples were weighed under ambient conditions, and the dehydrated weights were calculated from separate gravimetric measurements in vacuo.
The degassing procedure for all zeolites was the same. Samples were heated under vacuum from room temperature to 110°C over a period of 24 h for fresh samples and 12 h for used samples, then the temperature was ramped from 110°C to 350°C over a period of 12 h, and finally the temperature was held constant for 12 h.
Apparatus. The combination calorimeter-volumetric apparatus contains a 20 cm 3 cubical Pyrex sample cell encased on five of its six sides by thermopiles. The sample cell encased in thermopiles sits inside an aluminum block which provides a large thermal mass for rapid heat dissipation and small temperature rise. The output signal from the thermopiles, which is proportional to the heat flux, is input to a computer which stores the response curve and performs a numerical integration for the total heat released by adsorption of a known increment of gas. The primary calibration of the calorimeter is based upon the Clapeyron equation applied to a series of adsorption isotherms measured in a separate, high-precision volumetric apparatus for ethane on silicalite; the calibration based on electrical heating was essentially the same but less precise.
The sample cell is connected to a dosing loop and pressure transducer for simultaneous determination of the adsorption isotherm and the heat of adsorption. The amount adsorbed is determined by the volumetric method as the difference between the amount of gas admitted and the amount of gas remaining in the dead space of the sample cell at equilibrium. Helium at room temperature was used to determine the dead space inside the sample cell for each zeolite sample.
The reversibility of the measurements was verified by comparing points obtained by adsorption and desorption of the sample. The experimental results were checked for reproducibility by repeating the experiment for different samples of the same adsorbent.
Results of Experiment
The series of zeolites TON, MTW, and UTD-1 is especially interesting because all three have one-dimensional straight channels of increasing ring size, as shown in Table 2 . Isosteric heats of adsorption for this series are shown on Figures 1-3 for CH 4 , C 2 H 6 , and C 3 H 8 , respectively. The most prominent feature of these results is the decrease in heat of adsorption with increasing pore size. However, a more subtle competition between energetic heterogeneity of gas-solid interactions and cooperative gas-gas interactions is evident in the heat profiles. Energetic heterogeneity generates a heat of adsorption which decreases with loading; cooperative interactions generate a heat of adsorption which increases with loading. As expected, the relative strength of cooperative interactions increases in the order CH 4 , C 2 H 6 , C 3 H 8 for a given adsorbent and in the order of increasing pore size for a given adsorbate.
Isosteric heats of adsorption are reported for FER, MFI, and FAU in Figures 4-6 , respectively. The trend of lower heats in larger cavities is apparent in this series of zeolites. Bates et al. 21 showed that for pore openings larger than 5 Å, heats of adsorption decrease as the opening of the pore increases. The subtler competition between energetic heterogeneity and cooperative interactions mentioned previously causes the relative strength of cooperative interactions to increase with pore size.
Isosteric heats are reported in Tables 9-26 . Limiting values at zero coverage for the heats of adsorption are listed in Table  3 . This is the Boltzman average energy (strictly enthalpy) of a single probe molecule interacting with the walls of the channel.
As shown in Table 4 , our heats agree very well with the data of Zhu et al. 9 and the C 3 H 8 /TON results of Eder and Lercher. 13 All of the published data agree within 5% for CH 4 , C 2 H 6 , and C 3 H 8 on MFI. However, there is a variation of (10% in heats of adsorption reported by different investigators for the other systems.
The one-dimensional straight-channel zeolites TON, MTW, and UTD-1 exhibit a strong decrease in the zero-coverage heat of adsorption with increasing pore size, as expected for dispersion energies. Similarly, the two-dimensional intersecting channels in FER and MFI show a strong decrease in heat of adsorption with increasing pore size. The spherical shape of the supercavities in FAU makes a comparison with the cylindrical channels of the other zeolites problematic, but the heat of adsorption for all the probe molecules is least in FAU. a The dimensions are the major and minor axes of the elliptical channels. For FER and MFI, dimensions are given for both channels. For FAU, the dimension is the diameter of the supercage. In all cases, the distance is the center-to-center distance between oxygen atoms minus 2.7 Å. It is interesting that the increase in heat of adsorption per additional carbon atom in the alkane chain is a strong function of the size of the micropore. It has been reported from experimental measurements 7, 8, 11, 13 and from computer simulations [21] [22] [23] [24] [25] [26] that heats of adsorption in MFI increase approximately 10 kJ/mol with each carbon atom in the alkane chain. Table 5 confirms these results: the incremental increase in heat of adsorption per carbon atom is about 10 kJ/mol for MFI but increases in smaller pores (FER) and decreases in larger pores (UTD-1).
Henry's constants calculated from adsorption isotherms measured in a volumetric apparatus are given in Table 6 . The adsorption isotherms are reported in Tables 27-37 ; asterisks identify desorption points taken to check for reversibility.
Discussion and Interpretation of Results
The heats of adsorption obtained for zeolites in onedimensional channels (TON, MTW, UTD-1) were compared with theoretical calculations based upon the following model: (1) Lennard-Jones 12-6 potential (parameters 12 and σ 12 ) for the energy of an adsorbate molecule interacting with a single oxygen atom in the wall of a zeolite. (2) Integration of the potential energy over a single layer of oxygen atoms distributed uniformly in the wall of a cylindrical, one-dimensional pore. The potential energy for this model 27 is 
where R is the radius of the cylinder defined by the centers of the oxygen atoms, and r is the distance of the gas molecule from the axis. The gas-solid energy parameter 1s is a function of the surface density of oxygen atoms where F is the number of oxygen atoms per unit area in the wall of the cylinder. 1s is the well depth at the potential-energy minimum in the limit R f ∞, i.e., the well depth adjacent to a plane surface.
The collision diameter corresponding to U ) 0 in the Lennard-Jones 12-6 potential is σ 12 ) (2.700 + 3.691)/2 ) 3.195 Å, based upon 2.700 Å for the O atom 15 and 3.691 Å for the CH 4 molecule. 28 The value of the well-depth 12 /k ) 133.33 K was reported previously. 29 Since the actual channels are elliptical, the average of the major and minor axes (plus 2.7 Å for the diameter of an O atom) was taken as the diameter (D) of the cylindrical channel in the theory so that R ) D/2 ) 3.825, 4.275, and 5.725 for TON, MTW, and UTD-1, respectively.
The area density of oxygen atoms in Table 7 was obtained by counting the oxygen atoms in the channel of a unit cell and dividing by the area of the elliptical channel (2πL[(R 1 2 + R 2 2 )/2] 1/2 ). From eq 4, 1s /k ) 854, 917, and 946 K for TON, MTW, and UTD-1, respectively. Figure 7 shows the potential energies calculated from eq 1 for the three zeolites with one-dimensional channels using the values for F, R, σ 12 , and 12 given above. The potential minima -U/k ) 2540, 2150, and 1540 K for TON, MTW, and UTD-1, respectively. The location of the minimum is at the center of the channel for TON but moves progressively toward the wall for the wider channels in MTW and UTD-1.
The adsorption second virial coefficient for a cylindrical channel is where L is channel length and M is the mass of a unit cell 15, 16 given in Table 7 . The -1 in the integrand is required to correct absolute adsorption to excess adsorption and corresponds to the experimental measurement of surface excess (the actual amount adsorbed less the amount present when the surface does not adsorb). a The number given in brackets is the reference number. 
The energy of adsorption at the limit of zero coverage is
The zero-coverage isosteric heat (difference of enthalpies) is Henry's constants are calculated from the second virial coefficient:
Zero-coverage isosteric heats and Henry's constants calculated from eqs 1-8 are summarized in Table 8 . The average absolute error is 8% for the heats and 29% for the Henry's constants. This error, although larger than the experimental uncertainty, is surprisingly small considering that published values of Lennard-Jones interaction constants for CH 4 -O were used. The 29% error between experimental and calculated Henry's constants is actually in reasonable agreement considering that the Henry's constant is an exponential function of the gas-solid adsorption energy. For example, for CH 4 adsorbed in MTW, an error of only 5% in the potential-well depth corresponds to an error of 45% in the Henry constant. One would expect the neglect of oxygen atoms not located in the walls of the channel to require an artificially large value of 12 . Perhaps the neglect of long-range dispersion interactions is compensated by other approximations such as smooth walls and circular instead of elliptical channels. It has been shown 30 that the detailed structure of the micropore becomes important as the pore size decreases. Figure 8 shows a comparison of theory with the experimental data for all six high-silica zeolites. It is emphasized that we have not fitted any parameters to the experimental data; values of all parameters were obtained either from the structure of the zeolites 15 or from previously published potential parameters. 29 The solid line is the isosteric heat of methane calculated from eqs 6 and 7 as a function of the radius (R) of the pore for an average value 1s /k ) 907 K. For the experimental points, the radius of the pore is defined as one-half of the average of the major and minor axes of one-dimensional elliptical pores. For FER and MFI, the radius is defined as the average radius of both elliptical pores; for FAU, the radius is defined as the radius of the supercavity. To conform with the model, these pore diameters are between oxygen-atom centers; the effective diameters in Table 1 are 2.7 Å less to account for the size of the oxygen atoms. The agreement of theory with experiment is much better than expected, considering the simplicity of the model for short-range gas-solid interactions. A detailed atomatom model should improve the agreement with experiment, especially for the small channels in FER and TON.
Conclusions
We studied the adsorption of a homologous series of alkanes (C 1 -C 3 ) on a homologous series of high-silica zeolites with straight one-dimensional channels (TON, MTW, UTD-1). The zero-coverage heats of adsorption are inversely proportional to the pore diameter and agree approximately with a smoothed integration for short-range van der Waals interactions. Heats of adsorption of high-silica zeolites with two-dimensional intersecting channels (FER, MFI) and spherical supercages (FAU) also agree with the model. The incremental heat of adsorption per alkane carbon atom is about 10 kJ/mol for MFI but varies between 8 and 13 kJ/mol depending on the pore size. Table 3 .
